Abstract: This study examines balsam fir (Abies balsamea (L.) Mill.) recruitment in old fir stands. Studying the regeneration of these stands is essential to understand the regeneration dynamic of the species in the absence of standdestroying disturbances. The objectives were (1) to obtain substrate-seedling associations for different age-classes and according to the presence or absence of adventitious roots; (2) to evaluate the contribution of the seed rain to seedling recruitment; (3) to re-examine age structures using the most appropriate method that minimizes estimation errors due to the presence of adventitious roots. A total of 90 quadrats (1 m 2 ) were established along transects. In each quadrat, subtrates were characterized (type and topography) and their area was estimated. All balsam fir seedlings (<50 cm tall) present in the quadrats were located, harvested whole (root and shoot), and described (age, height, presence of adventitious roots, etc). Fir seedlings were strongly associated with woody mounds covered with thin mats of mixed mosses and Pleurozium shreberi (Bird.) Mitt. but negatively associated with flat topography particularly dominated by Hylocomium splendens (Hedw.) B.S.G. The presence of adventitious root is related to seedling age more than substrate type or topography. The age structure is in agreement with seed production and disturbance regime.
Introduction
The recruitment dynamics of balsam fir (Abies balsamea (L.) Mill.) has been extensively studied in the southern boreal forest of Canada where this species is widely distributed (Côté and Bélanger 1991; Osawa 1994; Morin and Laprise 1997; Kneeshaw and Bergeron 1999) . Its distribution is shaped by a patchwork of gaps created by spruce budworm (Choristoneura fumiferana Clem.) outbreaks occurring every 30 years or so (Morin et al. 1993; Morin 1994) . Mature stands that are not totally devastated by the insect are often logged, burned by wildfire, or subject to major windthrow (Morin and Laprise 1990) . Relatively undisturbed balsam fir stands exceeding 150 years of age are scarce. Studying the regeneration of these stands is nevertheless essential to understand the regeneration dynamic of the species in the absence of stand-destroying disturbances. The information gathered can also assist in the characterization of old growth stands. Moreover, these stands are ideal sites to study the initial recruitment of balsam fir because of the abundance of seed bearers and young seedlings.
A few of these old balsam fir stands are located in northeastern Quebec, Canada, in the black spruce (Picea mariana (Mill.) BSP) dominated boreal forest (Morin 1994) . The forest floor, characteristic of these old balsam fir stands, consists of snags and logs in various states of decay covered by abundant moss communities dominated by Hylocomium splendens (Hedw.) B.S.G. Spatial variation in the density of newly germinated fir seedlings is mostly related to seed distribution (Duchesneau and Morin 1999) . During the following 2 years, seedling distribution changes, resulting from the spatial variation in the suitability of seedbeds, decayed logs being the most favourable substrate (Duchesneau and Morin 1999) . However, high mortality during the first 5 years can obscure early substrate associations such that analysing the distribution of older seedlings is sometimes necessary to determine what seedbeds are safe regeneration sites (Schupp 1995) . In dense closed stands, where understory light rarely exceeds 15% of full light, light is a poor predictor of seedling location and growth (Parent 2002) . However, variations in seed production will likely modulate seedling abundance. Although the contribution of mast years is acknowledged, there is little empirical evidence supporting the idea in balsam fir stands.
Recent work has demonstrated that balsam fir seedlings and saplings often develop adventitious roots (Parent et al. 2000) . Adventitious roots increase understory survival (Parent 2002) . However, it is not known at what age the formation of these roots starts and if seedlings with adventitious roots are more abundant in particular substrates. Moreover, the formation of adventitious roots is accompanied by a reverse taper phenomenon, i.e., the number of annual growth rings decreases from the presumed collar (the trunk base) to the true collar (hypocotyl region). Consequently, counting annual rings at any level on the trunk would not be reliable, and age structures of fir seedlings, particularly those found in northeastern Quebec (Morin and Laprise 1997) , could be partially or totally erroneous (Parent et al. 2000 (Parent et al. , 2001 . Therefore, age structures have to be redone, and factors contributing to recruitment have to be re-evaluated according to the best age estimates.
The first objective was to obtain substrate-seedling associations for different age-classes (determined using the most appropriate aging method) and according to the presence or absence of adventitious roots to determine which substrate best favours seedling establishment and adventitious root formation. The second objective was to evaluate the contribution of the seed rain to seedling recruitment. The third objective was to re-examine age structures (Parent et al. 2000 (Parent et al. , 2001 .
Study area
The study area is about 100 km northeast of Lake SaintJean (49°48′N, 72°35′W) in the province of Quebec, Canada. The area is in the black spruce -feathermoss ecoclimatic domain (Thibeault 1987) . It is also classified as part of the Boreal Shield ecozone, more specifically in the Central Laurentians ecoregion (Ecological Stratification Working Group 1995) . The mean annual temperature recorded at the closest meteorological station is -0.7°C ranging from -19°C in January to 15.8°C in July, and the mean annual precipitation is 421.7 cm with 356.6 cm falling as snow (Environment Canada 1992) . Spruce budworm outbreaks have been less severe in this domain than in the balsam fir dominated ecozone (Morin 1994) . Consequently, many balsam fir stands located in the area are composed of dense mature trees with very few large gaps.
Our study was conducted in three of the four stands studied by Morin and Laprise (1997) and Duchesneau and Morin (1999) . One site has been excluded (site 4b) because we judged it was too open and too wet to represent average balsam fir stands. This site presents an abundant Sphagnum sp. cover on the forest floor, a condition associated with poor soil drainage, which is rather untypical of balsam fir dominated stands (Parent and Messier 1995; Morin 1994; Roy et al. 2000) . The three balsam fir stands chosen are 2-8 km apart and are dominated by mature balsam fir trees (15 m tall). Although these stands were subject to spruce budworm outbreaks of variable intensities (Morin 1994) , all stands are similar in their vertical and spatial structure. Stem density (DBH = 2.5 cm) ranges from 1675 to 17 150 stems·ha -1 . Each stand forms a closed canopy with 88-96% of the stems being balsam fir. The basal area of these firs (including dead stems) ranges from 80 to 91% of the total basal area (Duchesneau and Morin 1999) . Black spruce, white spruce (Picea glauca (Moench) Voss), and paper birch (Betula papyrifera Marsh.) represent altogether only 10% of the basal area. Understory plants and spatial structure were not affected by the last budworm outbreak (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (Morin and Laprise 1997) . The moss layer is dominated by Hylocomium splendens, in association with Pleurozium shreberi (Bird.) Mitt. and Ptilium crista-castrensis (Hedw.). The plant community in these stands is similar to the balsam fir -white birch type of the more southern balsam firwhite birch zone (Grandtner 1966) . Stands are located on a moderately drained sandy till.
Materials and methods
The sampling was done in the fall of 1998. Each stand was visited and the area of undisturbed canopy was estimated to locate three transects per stand. In each of the three stands, 30 quadrats (1 m 2 ) were delimitated at regular intervals (8 m) along the transects. In each quadrat, substrates were delimited and characterized (moss species, topography, depth to mineral soil or woody debris) and their area was draw on paper (1:10 scale). A total of 870 balsam fir seedlings smaller than 50 cm in height were present in the quadrats. The exclusion of taller firs has little impact on results, since under closed balsam fir stands 85-95% of the fir regeneration does not reach 20 cm in height (Côté and Bélanger 1991; Morin and Laprise 1997) . These firs were located and harvested whole (root and shoot). Each seedling was measured (height, diameter, annual height increments, hypocotyl lenght), aged by counting the number of terminal bud scars on the entire trunk (Parent et al. 2000) and the presence of adventitious roots was noted. Height and annual height increments are actually measures of trunk length and elongation when seedlings are more or less prostate. For seedlings with adventitious roots, the belowground part starts at the first adventitious root. These are the only seedlings with belowground terminal bud scars. Hypocotyl length extends from the start of the primary roots to the first leaves. Seed traps installed at regular intervals (for details, see Duchesneau and Morin 1999) have been emptied regularly since 1994. Logistic regression and contingency tables were used to evaluate the effect of seedling age and rooting substrate on the presence or absence of adventitious roots. Substrate-seedling associations were determined by χ 2 analysis specifying expected frequencies according to the area covered by the substrate (Scherrer 1984 
Results

Substrate-seedling associations
The observed frequency distribution of seedlings per substrate class differed significantly for the distribution expected according to the area covered by the substrate classes, indicating substrate-seedling associations were significant (Table 1, P < 0.001). These associations were constant for the three age-classes analysed (1-4, 5-8, and >8 years old, details not shown). Associations show seedling density is higher in mixed-moss communities and P. schreberi moss (Fig. 1a) and also on the woody-mound topography class (Fig. 1b) . Seedlings found in mixed-moss communities, P. schreberi moss, and on woody mounds are located in thinner moss than on flat surfaces or other mounds (Fig. 2) . Bryophyte communities on woody mounds occupied only 13.8% of the forest floor area, although 42.3% of all seedlings were found in this topography class (Fig. 1b) . Bryophyte communities on woody mounds were frequently dominated by P. schreberi. This moss was also found on flat topography where it forms mats approximately three times thicker (12.2 ± 0.3 cm; mean ± SD) than on woody mounds (4.6 ± 0.2 cm). Only 25% of seedlings associated with P. schreberi were found on flat topography.
Hylocomium splendens is the most dominant moss on the forest floor. Hylocomium splendens substrate occupied more than 47% of the area (Fig. 1a) and 50-90% of flat topography (results not shown). Flat topography occupied 75% of the forest floor area (Fig. 1b) . Hylocomium splendens forms the thickest mats (18 ± 3 cm) (Fig. 2a) . Hylocomium splendens was also found on woody mounds where it forms thinner mats (12.7 ± 0.6 cm) than on flat topography (20.53 ± 0.36 cm) (one-way ANOVA, P < 0.001). Pits were not included in the analysis because they cover little area and have few seedlings.
Seedling growth
Seedling height averaged 6.4 ± 6.3 cm (median 5.0 cm) and 98% were smaller than 25 cm. Some characteristics of seedling growth are presented in Table 2 , and values are compared among substrate and topography classes. On average, height growth in 1998 and mean height growth for the first 4 years after germination was ca. 1 cm·year -1 . We found that, on average, height growth in 1998 was slightly but significantly higher in H. splendens than in other substrates. We found no significant effect of topography class on height growth in 1998. Similar results were found analysing height growth during the first 4 years after germination. Hypocotyls were, on average, significantly longer in H. splendens substrate and on flat topography than on woody mounds or other mosses (Table 2) .
Adventitious roots
Adventitious root formation, leading to the observation of belowground terminal bud scars, starts at about 6 years of age (Fig. 3) . Less than 1% of seedlings younger than 5 years of age had adventitious roots compared with 85% of seedlings exceeding 7 years of age. In fact, there was a strong correlation between the total number of terminal bud scars (TBS) counted on the entire trunk and the number of TBS counted on the belowground section of trunk (r = 0.85; P < 0.001, Pearson correlation test). The presence of adventitious roots is related to seedling age more than to substrate type or topography (Table 3) . Although there is a significant association with H. splendens moss substrate, this is due to the interaction with seedling age (Table 3) . We found a very weak relationship between the depth of the organic mat and the number of TBS counted on the belowground section of trunk R 2 = 0.018; P < 0.001), and on the entire trunk R 2 = 0.08; P < 0.001).
Seedling recruitment
Hypocotyls could be observed and located on 96.4% of seedlings, therefore enabling precise age determination (see Parent et al. 2000) . The age structure of fir seedlings estimated by counting all terminal bud scars present on the entire trunk is presented in Fig. 4 verse J-shape. From 1987 to 1998, we observe three sequences of 4 years with similar variations in seedling numbers. These sequences begin with peak seedling counts followed by a decrease of 70% or more, followed by an increase to 30-45% of the peak value, and finally a low count (<15%). Annual variations in seedling numbers could be related to seed production during the previous year for the period of seed collection (Fig. 5) . No regular temporal variations in seedling numbers are observed from 1986 to 1948. Variations in seedling numbers during the last spruce budworm outbreak (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) are different than during the following years. From 1977 to 1982, seedling numbers decreased until the end of the outbreak. After the outbreak, there was a marked increase in seedling numbers, but the observed pattern is not regular until 1988.
Discussion
Substrate-seedling associations
In these old stands, seed bearers are abundant and the spatial distribution of seeds is random (Duchesneau and Morin 1999) . However, our results show a strong association between fir seedlings (all age-classes) and substrates dominated by thinner moss species on woody mounds. Therefore, feather mosses on woody mounds are not only good safe sites for germination and survival during the first 2 years (Duchesneau and Morin 1999) but also for long-term survival in the understory. Many researchers recognize that mounds provide more heat, minimize herbaceous and bryophyte competition, and accumulate less litter that may kill 1-year-old seedlings (Place 1955; Harmon and Franklin 1989; Houle 1992; DeLong et al. 1997) . Our results indicate that thin organic mats (more frequent on woody mounds) have a positive effect on conifer establishment (Place 1955; St-Hilaire and Leopold 1995; Simard et al. 1998) . Bryophyte communities forming thin mats facilitate the penetration of seedling roots into the moist humus layer. Moreover water Fig. 1 . Percent area of forest floor covered by (a) substrate or (b) topography and percent seedlings found on a given substrate or topography class. Asterisks indicate that observed seedling numbers are significantly (***, P < 0.001; **, P < 0.01) lower or higher than expected according to the area of forest floor covered by substrate or topography. Note that pits were not included in the analysis because they cover little area and have few seedlings. Classes are not divided by substrate and topography because observed numbers would fall below the minimum required by the analysis. fluctuations during the summer may be lessened by water contained in the subjacent substrate, particularly decayed wood (Knapp and Smith 1982; Nakamura 1992; Cornett et al. 1997) . Thin bryophyte layers are also warmer, which increases root growth (Van Cleve et al. 1983; Farmer 1997; Eckstein 2000) . Hylocomium splendens is a competitive moss and tends to form thicker mats than P. schreberi. The lower establishment success of fir seedlings on H. splendens could also be explained by its particular growth form. This moss is composed of annual branched segments (1-2 cm in length) forming stepladders (Okland 1995) . In dense communities these segments form a net-like barrier, which traps fallen fir seeds. According to Nakamura (1992) when seeds germinate on the surface of these segments, the newly germinated seedling may suffer from water stress caused by high moisture fluctuations, and fir hypocotyls might not be long enough for the taproot to reach the moister humus layers. Secondly, when seeds geminate below this canopy of H. splendens segments, the germinant can be smothered by the faster-growing moss (Hörnberg et al. 1997 ; S. Parent, personal observation). Seedlings found in H. splendens moss had slightly longer hypocotyls, suggesting that the seedling etiolated more in these thick moss mats. Abnormal hypocotyl elongation is often caused by low light (von Arnim and Deng 1996) . Seedlings with longer hypocotyls are generally more slender and therefore more susceptible to drought or physical damage (Peterson and Facelli 1992; Simard 1999) . Nevertheless, our results suggest, as found by Nakamura (1992) and Hörnberg et al. (1997) , that the presence of thick H. splendens moss does not favour the establishment of conifer seedlings. Moreover, it is recognized that H. splendens is a more competitive moss for space than P. schreberi (Jonssen and Esseen 1990; Hörnberg et al. 1997) .
Adventitious roots
According to our results, adventitious root formation starts early in the life cycle (ca. 6 years of age) and increases with seedling age. With time, the lower part of the trunk is imbedded in humus, and the aboveground part of the trunk moves away from the germination point. In fact, most seedlings older than 7 years had a prostate trunk creeping at ground level. Often the aboveground trunk was younger (lower terminal bud scar counts) than the belowground section. Results show that 85% of seedlings exceeding 7 years of age had adventitious roots.
Recruitment dynamics
Adventitious root formation leads to false age determination according to ring counts, and this phenomenon has greatly modified records of temporal recruitment dynamics (Parent et al. 2001 ). In our study, age determinations are more reliable, and seedling age distribution is characteristic of undisturbed stands where recruitment is continuously occurring and early death rates are high (Barbour et al. 1987 ). Although we only have 5 years of seed collection, results indicate that yearly variation in seedling abundance strongly depends on temporal variations in viable seed production. Balsam fir seeds do not persist more than 1 year on the forest floor (Houle and Payette 1991) . Variations in seedling numbers therefore suggest that when spruce budworm predation is negligible, good seed production occurs every 2 years. These results are consistent with studies indicating that balsam fir produces sizeable viable seed crops at 2-year intervals (Frank 1990) , possibly due to carbohydrate replenishment (Morris 1951) .
Spruce budworm outbreaks affect seedling demography because larvae prefer feeding on floral buds than on vegetative buds or foliage (Powell 1973; Osawa 1994; Parent et al. 2001) . Most mature firs survived the last outbreak in the area (Morin 1994) and results show that a substantial number of seedlings became established during the last outbreak. However, aging errors are still possible, particularly for old and very suppressed seedlings, and results indicate the reproductive potential of the trees has been reduced during the outbreak (1978) (1979) (1980) (1981) (1982) (1983) (1984) . Morin and Laprise (1997) also reported a progressive decrease in fir recruitment in the area, from 1978 approximately. Although these authors used ring counts to estimate seedling age, underestimations caused by this method (Parent et al. 2000) were probably low for the first decade, because their sampling has been done at the end of the outbreak (D. Laprise, personal communication, 1986) and seedlings younger than 10 years have few adventitious roots. Immediate recovery of seedling recruitment after the outbreak has been observed only in a few stands in the area (Morin and Laprise 1997) . However, similar demographic patterns, indicating reduced seedling recruitment during the outbreak and rapid recovery afterwards, have been reported in other studies. In the later studies, several mature firs had survived the outbreak and seedlings were also aged by counting terminal bud scars on the entire trunk (Osawa 1994; Parent et al. 2001 ).
Conclusion
In old stands, balsam fir seedlings are not randomly distributed on the forest floor. Logs are covered by thinner moss mats, which favour initial recruitment, and this association is maintained through time. After ca. 6 years of growth, the formation of adventitious roots appears unconditional to substrate types. Using the appropriate aging method, we obtained an age structure in agreement with seed production and disturbance regime. Can. J. For. Res. Vol. 33, 2003 200 100 1999 1989 1969 1959 1949 1979 Spruce budworm outbreak Frequency   Fig. 4 . Age structure of balsam fir seedlings. Limits of the spruce budworm outbreak are from Morin (1994) . The total area sampled is 90 m 2 .
Fig. 5.
Mean seed production per square metre (×10 -1 ) (᭹) and number of seedlings per hectare (᭺) that germinated the same year according to bud scar counts. Note that most balsam fir seeds germinate in the year following their dissemination. Although only 4 years of data can be included, seedling numbers and seed production the previous year are correlated (Pearson's ρ = 0.98).
